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ABSTRACT
Refining the Sedimentology and Geochemistry of the mid-Permian Blaine Formation in the
Rebecca K. Bounds core from Greeley County, Kansas
Brigitte Petras
Red siliciclastics and evaporites of Permian Nippewalla Group in mid-continental US
were deposited in western equatorial Pangea. Previous studies of these rocks record Permian
air temperatures as high as 73 °C, saline lake waters with a pH as low as ~1, and sedimentology
that shows arid conditions. This current study conducts detailed sedimentological observations
and geochemical analyses of the Blaine Formation of the Nippewalla Group. The Rebecca K.
Bounds core from west-central Kansas is used to interpret the depositional environments and
diagenetic history of the Blaine Formation.
The lithologies of the Blaine Formation, listed in order of most to least abundant, are
displacive halite, bedded gypsum/anhydrite, bedded halite, siliciclastic mudstone, and
crystalline carbonate. These units represent a neutral-to-acid, perennial-to-ephemeral, saline
lake-mudflat-desert soil system. The displacive halite lithology, consisting of randomly
orientated halite crystals in a red mudstone matrix, represents a mudflat environment with
shallow saline groundwater. The bedded gypsum/anhydrite lithology has three major textures:
bottom-growth, laminated, and massive textures. The bottom-growth and laminated
gypsum/anhydrite formed by chemical precipitation in a shallow saline water environment. The
massive gypsum/anhydrite texture was possibly deposited as physically reworked grains.
Bedded halite has cumulate and chevron crystals, dissolution pipes, and efflorescent crusts.
These features indicate that evapoconcentration, flooding, and desiccation events occurred in a
shallow ephemeral saline lake environment. Additionally, the iron-oxides, presence of “hairy
blobs”, and the paucity of carbonates in the bedded halite shows that these were likely acid
saline lakes. The siliciclastic mudstones are massive, red, and represent dry mudflats which
experienced infrequent flooding and displays pedogenic overprinting. The thin crystalline
carbonate unit is composed of diagenetic dolomite and halite. Original deposition may have
been as detrital grains or as a chemical sediment that underwent diagenesis.
The Blaine Formation has a complicated diagenetic history. Many of the early diagenetic
features are related to dissolution, desiccation, and pedogenesis. Later diagenetic processes
formed pseudomorphs, cements including magnesite, dolomitic interlocking crystal mosaic, and
quartz veins and overgrowths. Dehydration and rehydration of gypsum and anhydrite plausibly
occurred throughout the paragenetic sequence.
Detailed sedimentology of the Blaine Formation marks an arid time consistent with the
other formations of the Nippewalla Group. Similarities with Permian and Triassic red beds and
evaporites from other well-preserved cores reveal that these acid saline lake systems were
widespread across much of Pangea.

ACKNOWLEDGEMENTS
The immense support of my advisor, Kathy Benison, has further inspired my passion for
science and has taught me so much in the program. Her encouragement, assistance, and all her
time has helped me grow as a scientist. Additionally, Kathy found the high-recovery Bounds
core that was so important to this study, which was tucked away at the Kansas Geological
Survey. This research relied on Zambito et al. (2012) for conducting foundational core
observations. Thank you to the Kansas Geological Survey for donating representative core slabs
to the Red Earth Observatory (REO).
I am so grateful for the insight discussions and assistance from my other committee
members, Kathy Bruner and Chris Russoniello. It has been such a pleasure getting to know them
over the past couple years.
The camaraderie and excellence of the REO inspired me to rise to the challenges of the
program. Sharing the same graduate timeline with Sara Schreder was comforting and helpful,
and I especially enjoyed our office chats. I am extremely appreciative for the opportunity to
learn and grow at WVU. I’d like to acknowledge the WVU Shared Research Facilities (specifically
to Marcella Redigolo) for running my SEM sample.
My family and friends deserve so much credit for supporting me—I could possibly write
a whole paper on how important their love has been throughout my education. Much love also
goes towards the four-legged family members, Pippin and Pixie, for making me smile.

iii

Table of Contents
Abstract……………………………………………………………………………………………………………………………………………………………………ii
Acknowledgements…………………………………………………………………………………………………………………………………………..…….iii
Introduction…………………………………………………………………………………………………………………………………………………………….1
Geologic context…………………………………………………………………………………………………………………………………………………..…3
Significance……………………………………………………………………………………………………………………………………………………………..6
Methods………………………………………………………………………………………………………………………………………………………………....7
Materials………………………………………………………………………………………………………………………………………………………………...8
Results…………………………………………………………………………………………………………………………………………………………………….9
Bedded halite lithology……………………………………………………………………………………………………………………….…..11
Bedded gypsum lithology…………………………………………………………………………………………………………………………15
Bottom-growth gypsum texture…………………………………………………………………………………………………15
Laminated gypsum/anhydrite texture………………………………………………………………………………………..18
Massive gypsum/anhydrite texture……………………………………………………………………………………………25
Displacive halite lithology…………………………………………………………………………………………………………………………28
Siliciclastic mudstone lithology…………………………………………………………………………………………………………………32
Crystalline carbonate lithology…………………………………………………………………………………………………………………38
Depositional environments of the Blaine Formation……………………………………………………………………………..…44
Diagenesis of the Blaine Formation………………………………………………………………………………………………………….47
Discussion……………………………………………………………………………………………………………………………………………………………...48
Stratigraphic Trends………………………………………………..……………………………………………………………………………….48
Geochemistry of the waters and brines of the Blaine Formation…………………………………………………………..…49
Investigating the origin of magnesium and tungsten……………………………………………………………………………….50
Evaluating the variability between the subsurface and outcrops of the Blaine Formation……………………….51
How do the paleoclimatic indications of the Blaine Formation compare to the other formations of the
Nippewalla Group? …………………………………………………………………………………………………………………………………53
How does the Blaine Formation sedimentology compare with younger evaporites in Kansas and
Oklahoma?....................................................................................................................................................54
Comparing the Blaine Formation to other extreme Permian-Triassic lacustrine systems…………………………56
Conclusion…………………………………………………………………………………………………………………………………………………………….57
References cited……………………………………………………………………………………………………………………………………………………59
Appendices……………………………………………………………………………………………………………………………………………………………65
1. Thin-section depths…………………………………………………………………………………………………………………………………65
2. Billet photographs…………………………………………………………………………………………………………………………………..66
3. Core slab images……………………………………………………………………………………………………………………………………..71

List of Tables and Figures

Fig. 1: Stratigraphy of the Nippewalla Group……………………………………………………………………………………………………………3
Fig. 2: Summarized stratigraphic column of Amoco Rebecca K. Bounds No. 1 core……………………………………..…………..4
Fig. 3: Map of mid continental US during the Guadalupian……………………………………………………………………………..……….5
Fig. 4: Stratigraphic column of the Blaine Formation…………………………………………………………………………………………..…10
Table 1: XRD results…………………………………………………………………………………………………………………………………………….…11
Fig. 5: Bedded halite lithology……………………………………………………………………………………………………………………………….13
Fig. 6: Bottom-growth gypsum texture………………………………………………………………………………………………………………….16
Fig. 7: Laminated gypsum/anhydrite texture…………………………………………………………………………………………………………21
Fig. 8: SEM image and elemental map of laminated gypsum/anhydrite……………….……………………………………………….25
Fig. 9: Massive gypsum/anhydrite texture….…………………………………………………………………………………………………………27
Fig. 10: Displacive halite lithology………………………………………………………………………………….………………………………………30
Fig. 11: Siliciclastic mudstone………………………..………………………………………………………………………………………………………34
Fig. 12: Siliciclastic siltstone……………..……………………………………………………………………………………………………………………37
Fig. 13 Crystalline carbonate lithology…………….……………………….……..……………………………………………………………..……..43
Fig. 14 Depositional model…………………………………………………………………………………………………………………………………….44
Fig. 15: Paragenetic sequence of Blaine Formation………………….………………………………………………………………………….…48

iv

INTRODUCTION
Red bed siliciclastics and evaporites are abundant in Permian and Triassic rocks from
Pangea. The Permian Nippewalla Group of Kansas, the Permian Opeche Shale of North Dakota
and South Dakota, and the Triassic Mercia Mudstone of Northern Ireland have all been
interpreted as the deposits of extremely acid saline lakes and associated desert continental
settings, based on studies of core (Benison et al., 1998; Benison and Goldstein, 2000, 2001;
Foster et al., 2014; Andeskie et al., 2018). Outcrops of Permian-Triassic red beds and evaporites
do not contain the means to interpret detailed geochemistry of lakes, but have also yielded
interpretations of shallow saline lakes surrounded by mudflats and sandflats, dunes, and desert
soils (Benison et al., 1997; Sweet et al., 2013; Foster et al., 2014; Abrantes et al., 2016; Knapp,
2020). Pangea was arid and warm throughout much of the mid to late Permian (Benison and
Goldstein, 1999, 2000, 2001; Sweet et al., 2013; Tabor, 2013; Zambito and Bension, 2013;
Foster et. al., 2014; Abrantes et al., 2016; Andeskie et al., 2018). The Nippewalla Group of
Kansas formed under Permian air temperatures as high as 73 °C (Zambito and Benison, 2013).
The Amoco Rebecca K. Bounds No. 1 core from western Kansas provides an exceptional
opportunity to study well-preserved Permian red beds and evaporites of Pangea (Zambito et al.,
2012; Benison et al., 2013; Soreghan et al., 2015). This core was drilled with salt-saturated
drilling fluids to prevent dissolution of halite during drilling. Because Permian red beds and
evaporites contain halite in most lithologies, including bedded halite, displacive halite, and red
siliciclastics, they are prone to dissolution by both late-stage meteoric waters and by traditional
drilling fluids (Benison et al., 2015). The Bounds core contains a complete record for the
Permian of western Kansas from depths of ~488 m (~1600 ft) to ~ 1034 m (3343 ft). This core is
1

rare for one dominated with chemical sediments; it has an unusually high recovery of 99.1%
over this ~546 m (~1743 ft) interval thickness (Zambito et al., 2012; Benison et al., 2013).
The Permian Nippewalla Group of Kansas and Oklahoma has six stratigraphic
formations, including the Blaine Formation (Fig. 1 – 2). The Blaine Formation is notable as a cap
rock in Oklahoma and Kansas and as an important marker bed for subsurface studies. The
formation is also mined for its gypsum/anhydrite at quarries owned by National Gypsum Mine,
ACG Materials, and Arcosa Specialty Materials. The Blaine Formation also has a thin crystalline
carbonate lithology, which represent the only carbonate lithology present in all ~2000 ft of the
Nippewalla Group.
Most previous work on the Blaine Formation was conducted on outcrops, which are
incomplete due to late-stage dissolution of both bedded halite and displacive halite crystals and
halite cements in red siliciclastics (Norton, 1939; KGS, 1956; Ham 1961; Merriam, 1963; Fay,
1964; Zeller, 1968; Johnson, 1978; Benison 1998; Benison et al., 2015) Some studies have used
lower recovery cores (Holdoway, 1978; Benison and Goldstein, 1999; Benison and Goldstein,
2001). The Bounds core presents the most complete and best-preserved section known from
the Blaine Formation.
Only rare high-recovery cores such as the Bounds core from western Kansas can be used
to investigate the detailed sedimentology and geochemistry of western-equatorial Pangea (Fig.
2). The aim of this study is to answer the following primary research questions: (1) what are the
detailed depositional environments of the Blaine Formation?, and (2) what is the diagenetic
history of these strata? A secondary research topic includes investigating the past water
chemistry of these environments. The combined depositional environments, diagenetic history,
2

and geochemistry results provides insight to the extreme environments of western equatorial
Pangea. The results of this study reveal that the Blaine Formation is a saline lake-mudflat-desert
soil system. This thesis comprises the first detailed sedimentological descriptions of the Blaine
Formation from the Bounds core.

Figure 1: Stratigraphy of the Nippewalla Group and its six members. Adapted from Benison and Goldstein (2001)
and Foster et al. (2014).

GEOLOGIC CONTEXT
The Blaine Formation laterally extends through parts of Kansas, Oklahoma, eastern
Colorado, and northern Texas. It overlies the Flowerpot Formation and underlies the Dog Creek
Formation. These three formations, along with the three basal formations of the Nippewalla
Group, have similar lithologies of fine red siliciclastics, bedded gypsum/anhydrite, bedded

3

Figure 2: Summarized stratigraphic column for the Permian section of the Amoco Rebecca K. Bounds No. 1 core,
Greeley County, Kansas. The black box highlights the Blaine Formation, and the red star illustrates the location of
the core site. Modified from Benison et al. (2013).
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halite, and displacive halite (Benison and Goldstein, 2001; Zambito et al., 2012; Fig. 1). The age
of the Blaine Formation is possibly latest Guadalupian, based on a recent magnetostratigraphic
age of 267 million years assigned to the overlying Dog Creek Formation (Foster et al., 2014).
The Nippewalla Group in Kansas was in western equatorial Pangea during the middle to
late Permian. Figure 3 shows the location of the mid-continental US in respect to 5 °N during
the Guadalupian. Recent and previous uplifts shown on Figure 3 may have been a source of
siliciclastic sediments and may have influenced local and regional weather and climate (Sweet
et al., 2013 and Foster et al., 2014)
There is evidence that Pangea’s climate became increasingly arid throughout the
Permian (Parrish, 1993). Some evidence suggests that much of Pangea contained extreme arid
environments, with abundant dunes, mudflats, saltpans, and ephemeral saline lakes (Benison
and Goldstein, 2001; Abrantes et al., 2016, Andeskie et al., 2018). There is also evidence for
megamonsoonal conditions within regions of Pangea, which were most extreme during the
Triassic (Kutzbach and Gallimore, 1989; Dubiel et al., 1991).

Figure 3: Map of mid continental US (western equatorial Pangea) with nearby positive and weathered highlands
during the Guadalupian (modified from Sweet et al., 2013 and Foster et al., 2014). The extent of the uplifts is from
McKee et al. (1967).
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SIGNIFICANCE
Understanding the details of the paleoenvironments of Pangea has several important
implications. Detailed knowledge of the Blaine Formation will add to our overall understanding
of siliciclastic-evaporite depositional systems. Typically, gypsum/anhydrite and halite are
understudied, in part because common drilling methods and vulnerability to post-depositional
dissolution at the surface typically don’t preserve these lithologies well. Another difficulty is
that gypsum and anhydrite are prone to undergo secondary dehydration and rehydration,
which can transform the original texture of the rock and make interpretations of the textures
and structures especially tricky. These findings also help to explain changes in environment in
the context of a warming, drying climate during the Permian. This research has implications to
improve predictions of environmental change in response to our changing climate.
This research can lead to a greater understanding of evaporite seals and traps in
petroleum systems. For instance, the Blaine Formation is part of the Hugoton gas field and the
Anadarko Basin. Understanding the deposition and diagenesis of the Blaine Formation
evaporites may lead to a more comprehensive understanding of these systems. Furthermore,
evaporites can store carbon, natural gas, and nuclear fuel and waste because of their low
porosity.
Beyond its significance to Earth, this project also has implications for Mars. The unusual
combination of iron-oxides, clays, and evaporites from the Blaine Formation also is observed on
Mars (Benison and LaClair, 2003; Squyres et al., 2004; Benison, 2006; Osterloo et al., 2010;
Thomas et al., 2019). The Blaine Formation has similar diagenetic features to Mars, such as
displacive gypsum and cracks. Thus, these rocks serve as a Mars analog. The results of this work
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will help to interpret the deposition and diagenesis of gypsum/anhydrite on Mars (Benison,
2006, 2019; Benison and Bowen, 2006).
MATERIALS
The Blaine Formation in the Bounds core is a 125-foot-section from depths 2053 ft –
1928 ft. This study used cm-scale observations from Zambito et al. (2012) as a foundation for
constructing the detailed stratigraphic column. Building on their work, this study used
approximately 30 ft of representative core slabs (Appendix 3) and 18 previously-made thinsections housed at the Red Earth Observatory at West Virginia University. Eight additional thinsections were created at Spectrum Petrographics, Inc. to supplement the existing thin-sections.
In total, this thesis research used 22 large-format and 4 small-format thin-sections which were
created using heat- and water-sensitive methods so that soluble minerals were not dissolved
(Appendix 1, Appendix 2). The depths of these thin-sections are noted in Figure 4 and are
representative of each lithology. The thin-sections were impregnated with a blue epoxy to
highlight sample porosity.
Eighteen halite chips were cleaved with a razor blade from the three bedded halite units
of the Blaine Formation to conduct fluid inclusion petrography. Halite surfaces on the resulting
unmounted ~0.5 mm thick chips were smoothed with sandpaper of 220 – 5000 grit.

METHODS
Thin-section Petrography
Core slab observations and thin-section petrography were performed to observe and
record the color, sedimentary textures, grain composition, sedimentary structures, presence of
any fossils, stratigraphic contacts, and diagenetic features of the Blaine Formation. Color of dry
7

core slabs were determined using a Munsell Soil Chart. Transmitted (PL), reflected (RL), and
polarized light (XPL) with an Olympus BX53 (6.3 - 63x magnification) and an Olympus SZX10
microscope (20 – 2000x magnification) were utilized. Photomicrographs were captured using
SPOT digital imaging system and a digital camera attached to the microscope.

Fluid Inclusion Petrography
To identify solid inclusions and unaltered primary inclusions, fluid inclusion petrography
was essential. Primary fluid inclusions are identified by their cubic shape and their location on
growth bands. These inclusions are important because they formed as the crystal first
precipitated in its original depositional environment. Thus, these inclusions entrap and preserve
fluids and authigenic and detrital materials at the time of crystallization (Goldstein, 2001;
Benison and Goldstein, 2002; Benison, 2013). It was important to disregard any breached
inclusions created from the sanding, polishing, and cleaving because their contents would be
contaminated.
The fluid and solid inclusions were mapped using an Olympus SZX10 microscope (6.32000x magnification) with a long-distance working lenses with combined ultraviolet (UV-vis)
wavelengths of 330 nm and 385 nm and transmitted light. The UV-vis wavelengths would cause
any organics or inorganic hydrocarbons trapped in the halite to fluoresce. Photomicrographs
were captured using SPOT imaging software and an attached digital camera.

X-ray Diffraction
Representative samples of core slabs were powdered and analyzed using x-ray
diffraction (XRD). Three samples at depths 2053’, 2052’, and 2023’ were analyzed by KT
8

Geoservices in 2011, and, as part of this current thesis, eight more representative samples were
sent to KT Geoservices. Some of these samples were analyzed for the XRD bulk analysis and
others were subject to both bulk analysis and specialized clay mineral analysis.

Scanning Electron Microscopy
One unpolished thin-section of bedded gypsum/anhydrite at depth 1946’9” was
analyzed using scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS).
The Hitachi S-4700 SEM and EDAX TEAM EDS is housed at the Shared Research Facilities at
West Virginia University. The thin-section was sputter coated with gold and analyzed at 15 kV.

RESULTS
The five lithologies of the Blaine Formation are bedded halite, bedded
gypsum/anhydrite, displacive halite, siliciclastic mudstone, and crystalline carbonate. The
lithologies are described and interpreted from the work for this paper and from core
descriptions from Zambito et al. (2012; Fig. 4). Approximately 7.2% of the Blaine Formation core
is missing from the drilling process (1975’7” – 1975’, 1942’ – 1941’, 2030’9” – 2023’8”). The
results of the XRD analyses are listed in Table 1 and the sample depths are illustrated in Figure
4. Detailed descriptions and interpretations for each of the five lithologies are given below, and
these details are summarized to piece together the depositional environments of the
lithologies. A paragenetic sequence of the diagenetic features is organized in Figure 14.

9

Figure 4: Detailed stratigraphic column of the Blaine Formation. Adapted from Zambito et al. (2012). See Table 1
for the specific depths of the XRD analyses. For specific depths of the thin-sections, see Appendix 1.
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10.5 4.8 1.4
0
0
0
50.5 3.5 0.8
4.3 28 16.2
20.0 35.1 6.8
10.4 66.9 23.6
52
0
64
0
22.6 5.8
2
24.6 4.2 1.5
34 2.2 -

0.4 1.8
0
0
0.8 1.2
1
8
4.4 16.5
5.5 29.1
1.1 1.9
1.1
1
-

Chlorite

84.2
99.4
34
1
1.2
0.6
47.6
35.8
0.0
0.0
0.3

Kaolinite

0
0
0
0
0
0
1
1
0
0
0

Illite & Mica

Halite

0.5
0
0.2
0.4
0.9
1.3
0
0
0
0
0

R1 M-L C/S (60%S)*

Anhydrite

R0 M-L I/S (90%S)*

Gypsum

0 0
0.6 0
11.8 0
64.8 0
42.1 0
19.8 0
0 0
0 0
0 71
0 61
0 56

Total Clay

Hematite

Sample description
bedded halite efflorescent crust
0
laminated gypsum/anhydrite fabric 0
bottom-growth gypsum fabric
0
siltstone
1
mudstone
1
displacive halite mud
1
bottom-growth gypsum fabric
0
bedded gypsum/anhydrite
0
crystalline carbonate
0
crystalline carbonate
10
base of crystalline carbonate
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Dolomite

1930'
1946'9"
1953'6"
1953'10"
1955
1968'6"
2023'
2052'
2052'10"
2052'11"
2053'

Magnesite

Depth

Quartz

Sample
1
2
3
4
5
6
7
8
9
10
11

0
0
0.3
1.4
2.1
3
0.3
0.3
-

1.2
0
0.4
1.8
5.3
5.7
0.5
0.3
-

Table 1: XRD percentages of 11 samples from the Blaine Formation. Sample numbers correlate with blue data
collection depths marked on Figure 4. * mixed-Layer clay minerals: R0 M-L I/S (90%S) - R0 (random) ordered
mixed-layer illite/smectite with 90% smectite layers, R1 M-L C/S (60%S) - R1 ordered mixed-layer chlorite/smectite
with 60% smectite Layers

Bedded Halite Lithology
Observations
In the Bounds core, three bedded halite units are observed that are each ~four feet
(~1.2 m) thick and collectively comprise 8.8% of the Blaine Formation (1980’5 – 1975’7, 1944’9”
– 1942, 1931’5” – 1928). The bedded halite is relatively clear to cloudy and includes some thin
continuous laminations, thin beds, and patches of pinkish white to pale red (10R 8/2; 10R 7/4)
halite, which tastes salty (Fig. 5A). One slab has millimeter-size black solid inclusions.
Three major textures are noted in hand sample and thin-section: beds of chevrons, beds
of cumulates, and microcrystalline laminations and thin beds of pinkish white (10R 8/2) crystals.
The chevron halite crystals are cm-scale crystals that point upward. They contain alternating
fluid inclusion-rich and fluid inclusion-poor growth bands (Fig. 5B; Fig. 5C). Some patches of
clear halite cross-cut individual chevron halite crystals. (Fig. 5B). The cumulate halite occurs as
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randomly-orientated, cm-scale, cubic crystals (Fig. 5A). The pinkish-white microcrystalline
laminations and thin beds overlie or are interbedded with the chevron and cumulate crystals.
Contacts between the microcrystalline laminations and chevron and cumulate beds are sharp.
Cracks are observed in the microcrystalline lamina (Fig. 5A).
Additional minor observations were made of fluid inclusions of the chevron crystals
using halite chips. On average, primary fluid inclusions are subcubic, prominent along growth
bands, and typically 50 – 250 μm in length—although they are observed to be as large as 750
μm. Most primary fluid inclusions in chevrons are all-liquid. However, some also contain one or
more crystals and/or a vapor bubble and/or suspect microorganisms.
Chevron halite also includes solid inclusions of minerals and suspect microorganisms.
Birefringent gypsum/anhydrite crystals are common. Red mud, a mixture of red mud and siltsize grains of quartz and gypsum/anhydrite, is also trapped along halite growth bands. A black,
metallic clump similar to features known as a “hairy blob” is observed (Fig. 5C, 5D, 5F; Benison
et al., 2008).

Interpretations
Bedded halite of the Blaine Formation formed in Na-Cl-rich shallow saline waters. The
presence of vertically-aligned, cm-scale halite chevron crystals are indicative of bottom-growth
crystals, which precipitated at the sediment-water interface (Lowenstein and Hardie, 1985;
Hardie and Eugster 1971; Benison et al., 2007). Bottom-growth halite with distinct alternating
clear and cloudy growth bands precipitate in modern shallow waters with a depth less than
~0.5 m (Lowenstein and Hardie, 1985). Cumulate halite crystals form at the air-water interface
12

or within the water column (Lowenstein and Hardie, 1985; Hardie and Eugster, 1971; Benison
et al., 2007). Precipitation of bottom-growth and cumulate halite crystals represents
evapoconcentrated saline waters (Lowenstein and Hardie, 1985).

Figure 5: Bedded halite in the Blaine Formation from the Bounds core. A-B) Images are cross sections orientated to
stratigraphic up. A) Core slab from depth 1979’ with thin efflorescent crust at top and thick efflorescent crust on
the bottom of the slab. Note the cubic – subcubic cumulate halite crystals and expansion cracks (noted by an
arrow) in efflorescent crust. B) Thin-section view of a vertically aligned chevron halite crystal with inclusion rich
and inclusion poor growth bands, red mud, and blue mud at depth 1931’6”. This crystal is partially truncated by
clear halite (which is a dissolution pipe and infill). C) Halite chip view of subcubic primary chevron fluid inclusions at
depth 1942’9”. D) Thin-section view of solid gypsum/anhydrite inclusions trapped in the halite; depth 1980’ (XPL).
E) Halite chip view of silt along growth bands of halite; depth 1942’9”. F. Halite chip image of a ‘hairy blob’ and a
vapor bubble in a primary fluid inclusion at depth 1942’9”.
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Microcrystalline laminations are interpreted as efflorescent crusts, the result of the total
desiccation of a lake (Smoot and Castens-Seidell, 1994). The expansion cracks in the
efflorescent crusts are from the crust buckling from the wicking of shallow groundwater. This
syndepositional feature is also observed in modern desiccated saline lake systems (Benison et
al., 2007). Furthermore, the partially dissolved chevron crystals indicate that flooding of more
dilute water occurred after precipitation of bedded halite. This dissolution feature is known as
dissolution pipe (Lowenstein and Hardie, 1985). This evidence indicates that the bedded halite
lithology were deposited in shallow ephemeral Na-Cl water environment which experienced
flooding, evapoconcentration, and desiccation cycles. Results from XRD analysis shows that the
efflorescent crust is composed of halite, clays, gypsum, and minor amounts of hematite (Table
1). It is possible that some of the identified minerals were mechanically carried into the system,
or they were precipitated in-situ.
The primary inclusions yield more information about the depositional environment. The
abundance of gypsum/anhydrite crystals indicates that the original shallow water may have
been actively precipitating crystals in a Na-Ca-Cl-SO4 – rich shallow water environment.
Conversely, these gypsum/anhydrite crystals may have been mechanically carried into the
system as accidental daughter crystals, but no evidence was found of pitting or abrasion that
would indicate physical reworking.
The preserved red silt and mud grains, localized along growth bands, were perhaps
eolian deposits that were trapped as halite was growing. It is also possible that the iron-oxide
mud could have precipitated from the shallow saline water, which could suggest that the
original waters were acidic (Turner, 1980; Benison et al., 2007). However, the authigenic or
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detrital nature of the mud cannot be determined at this resolution. The black solid inclusions
and the “hairy blob” in a fluid inclusion is suspected to be a combination of organic remains and
sulfate crystals. These have only been observed in minerals precipitated from modern and
ancient acid-saline lakes (Benison et al., 2008).

Bedded Gypsum/Anhydrite Lithology
The bedded gypsum lithology is 31.7% of the core and is 4 stratigraphic units which
range from ~1 ft to ~23 ft (0.3 – 7 m). This lithology has three distinct textures: bottom-growth
gypsum/anhydrite, laminated gypsum/anhydrite, and massive gypsum/anhydrite. Each of these
textures are described and interpreted separately below.

Bottom-growth Gypsum Texture
Observations
The bottom-growth gypsum lithology is composed of distinct beds of gypsum bottomgrowth pseudomorphs which have been replaced by halite (Fig. 6). The halite pseudomorphs
after gypsum are in the characteristic upward-widening “V” shape, resembling swallowtail
twinned crystals (Fig. 6A–C). The halite pseudomorphs after gypsum are 0.25 – 1.85 cm in
length and are typically surrounded by light red-brown mud (2.5YR 7/4), acicular gypsum, and
blocky gypsum/anhydrite with an interlocking crystal mosaic texture.
There are two main features in the bottom-growth gypsum. The first texture has large
(0.45 – 1.85 cm tall) halite pseudomorphs after gypsum with interbedded blue-grey and red
clays (GLEY2 6/1; 2.5YR 7/4), randomly orientated needle-shaped gypsum/anhydrite crystals,
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larger blocky crystals of gypsum/anhydrite, and rare authigenic quartz (Fig. 6A, 6C–E). The
blocky gypsums/anhydrites in the interlocking mosaic are 0.2 – 2.5 mm (Fig. 6E), and the
authigenic quartz (~0.2 mm) is observed with halite and gypsum/anhydrite inclusions (Fig. 7G).
The bottom-growth gypsum texture with large halite pseudomorphs after gypsum typically
occurs at the bottom of a stratigraphic bed of gypsum/anhydrite (Fig. 4). The bottom-growth
gypsum texture is underlain by a thin bed of siliciclastic mudstone. The contact has
gypsum/anhydrite crystals that appear truncated and altered with authigenic quartz (Fig. 12G).
This contact at 1953’10” has concentrations of magnesite (Table 1).

Figure 6: Bottom-growth gypsum/anhydrite texture in the Blaine Formation from the Bounds core. A) Core slab of
large halite pseudomorphs after gypsum interbedded with red mud from depth 1954’. B) Close up of core slab of
swallowtail gypsum shape in reflected light; depth 1953’10”. C) Thin-section image of depth 1953’ (XPL). D) Core
slab of small halite pseudomorphs after gypsum surrounded by gypsum/anhydrite at depth 2037’. E) Thin-section
view of small halite pseudomorphs after gypsum; depth 2023’ (XPL). F) Thin-section image of halite lense at depth
2022’9” with crossed polarized light. Images are cross sections orientated to stratigraphic up.
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The second bottom-growth gypsum texture has small (2.5 – 4 mm tall) halite
pseudomorphs after gypsum with no clay and borders that are not as well-defined as the larger
pseudomorphs described previously (Fig. 6B, 6F). This texture has interlocking blocky gypsum
crystals, which are 0.04 – 0.2 mm, and are interspersed with very coarse, randomly orientated
acicular gypsums/anhydrites, and rare subangular, fine sand-sized grains of iron-oxides. In hand
sample, the small halite pseudomorphs after gypsum make a dimpled texture, and there are
some centimeter-scale lenses of halite which have sharp boundaries (Fig. 6F). Additionally, the
halite lenses have horizontally-aligned displacive acicular gypsum/anhydrite crystals (Fig. 6F).
These smaller bottom-growth halite pseudomorphs after gypsum stratigraphically alternate
with the massive and laminated gypsum/anhydrite texture.

Interpretations
The bottom-growth gypsum texture formed in Ca-SO4-rich shallow saline water
environment. These characteristic swallowtail gypsum crystals are only observed to precipitate
in-situ at the bottom of modern shallow saline waters (Hardie and Eugster 1971; Schreiber,
1988; Benison et al. 2007). Because there is no specific depth at which bedded gypsum
precipitates in a water body, the paleodepth of the parent water body is not discernable.
The abundance of halite pseudomorphs after gypsum and gypsum/anhydrite crystals
represent supersaturated shallow saline waters (Benison et al., 2007). Additionally, the bottomgrowth gypsum texture contains an abundance of at least two different types of clay, including
hematite (Table 1). The mud between the halite pseudomorphs after gypsum could indicate
that clays were cyclically precipitating in the saline water, or clays were carried into the system
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by wind or water (Benison and Goldstein, 2001). Evidence of clays precipitating in saline lakes
have been observed in modern analogs in Western Australia (Benison et al., 2007). If the muds
were carried in by water, these red mud drapes may indicate periods of flooding (Andeskie et
al., 2018).
The alteration of the original bottom-growth gypsum crystals occurred after burial, as
subsurface Na-Cl-rich brines replaced the bottom-growth gypsum crystals (Schreiber and
Walker, 1992). Because gypsum/anhydrite has a lower solubility than halite, it does not dissolve
as easily as halite, nor is desiccation of a gypsum lake as well preserved as a halite lake.
Therefore, it is difficult to trace water depth, flooding, and desiccation in bottom-growth
gypsum deposits. However, there are some indicators of these syndepositional and early
diagenetic processes. The cracks and mud inclusions at the sharp contact between the halite
lenses and small gypsum pseudomorphs are indicators of erosion and point to subaerial
exposure. The displacive gypsum in the halite lenses show that the halite was precipitated
syndepositionally with calcium sulfate enriched groundwater (Andeskie et al., 2018).
Furthermore, the erosive contact between the underlying siltstone and bottom-growth gypsum
may suggest that the crystals were eroded or dissolved (Abrantes et al., 2016).

Laminated Gypsum/Anhydrite Texture
Observations
The laminated gypsum/anhydrite texture contains laterally continuous laminations of
gypsum/anhydrite and siliciclastic mud of alternating colors of light/bluish grey, pink, and pale
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to weak red (10R 7/1; GLEY2 6/1; 10R 7/2-8/3; 10R 5/2-3; Fig. 7A-7B). This texture is identified
within a stratigraphic bed of gypsum/anhydrite.
The majority of the laminated texture has an interlocking crystal mosaic of
gypsum/anhydrite with ghost crystals, although there is one bottom-growth gypsum lamination
(Fig. 7A–7C). Additionally, there are few opaque microlaminations that are discontinuous and
convoluted in thin-section (Fig. 7D). These microlaminations are grey in reflected light. This
microlamination is generally subhorizontal, but some are also subvertical and oblique. Rare
iron-oxide cement that is intercrystalline (between crystals of host texture of interlocking
crystal mosaic) is within this texture and are grey in transmitted light and pinkish red in
reflected light. Many of the thin-sections have the interlocking crystal mosaic mentioned above,
however there are additional noteworthy textures of gypsum/anhydrite.
Interlocking crystal mosaic of gypsum/anhydrite (0.02 – 0.07 mm) in millimeter-scale
patches are observed and are surrounded by similar, albeit larger, gypsum/anhydrite crystals
(0.2 – 0.7 mm; Fig. 7E). These patches generally trend laterally. Additionally, rare blocks of
gypsum/anhydrite crystals are observed (0.8 mm) (Fig. 9C). Randomly orientated acicular
gypsum/anhydrite crystals (0.3 – 6 mm in length) are present in dark grey and reddish
laminations of mud (Fig. 7F).
This texture has other infrequent minerals and features. There is authigenic quartz that
have grown around the gypsum/anhydrite and halite (Fig. 7C, 7H). Additionally, authigenic
quartz (0.7 – 1.75 mm) are observed with inclusions of gypsum/anhydrite and halite (Fig. 7G).
Crazed-plane cracks are faintly filled with an isotropic mineral which is presumed to be halite
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(Fig. 7C, 7E, 1F). A few thin-sections also have vugs (0.2 mm – 3 mm), which are partially to
fully filled by halite (Fig. 7G – 7H).
There are polygonal and lenticular halite pseudomorphs after gypsum which are
reflective when held in hand to the light (0.7 – 3 mm). The polygonal crystals are white in
transmitted light and have a dappled neomorphic texture, which is light grey/light yellow to a
dark grey/dark blue in crossed polarized light (Fig. 7I – 7J). The SEM-EDS analysis at depth
1946’9” revealed that pseudomorphs have notable concentrations of tungsten, strontium, and
magnesium (Fig. 8). Magnesium is also present in the interlocking crystal mosaic. An opaque
mineral that is brighter in reflected light partially or fully rims the pseudomorphs to create a
poorly developed bedding throughout the thin-section (Fig. 7I) Near these features are rare
black opaque blobs (0.1 – 0.5 mm; Fig. 7D).

Interpretations
These laminations record material from saline shallow waters which had
gypsum/anhydrite that settled and/or was reworked (Benison et al., 2015). The beds of upward
widening gypsum crystals are indicative of bottom-growth gypsum which formed at the
sediment-water interface. The halite molds in some thin-sections suggest flooding with dilute
waters, which are responsible for the dissolution of halite. The craze plane cracks are evidence
of desiccation features (Goldstein, 1988). Thus, these shallow saline waters were perhaps
ephemeral.
Determining a more specific depositional history of these relatively fine interlocking
textures is complex because this gypsum/anhydrite has been diagenetically recrystallized from
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dehydration and rehydration, and its original shape and texture may have not been preserved.

Figure 7: Laminated gypsum/anhydrite texture in the Blaine Formation from the Bounds core. A-B) Core slabs
of laminated gypsum/anhydrite at depths 1962’ and 1947’. C) Thin-section view of an interlocking crystal
mosaic with red brown mud and a crack partially filled with halite cement at depth 1962’ (XPL). D)
Microlaminations of opaque mud and opaque blobs within interlocking gypsum/anhydrite mosaic; depth 1947’
(PL). E) Craze plane cracks and subtle fine patches of gypsum/anhydrite (PL). F) Red mud laminations with craze
plane cracks at 1962’4” (RL). G) Authigenic quartz with inclusions of halite and gypsum/anhydrite; depth
1962’4” (XPL). H) Intergranular halite cement (white) with (tan), depth 1962’4” (XPL). I) Gypsum/anhydrite with
poorly developed disrupted bedding of an opaque mud with bright white and bluish black pseudomorphs from
depth 1946’9”. J) Pseudomorphs from circled area in I. Images are cross sections orientated to stratigraphic up.
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Much of the interlocking crystal mosaic are plausibly cumulate gypsum crystals which
precipitated at the air-water interface or within the water column, then settled to the watersediment interface (Benison et al., 2015). It is also possible that some of the equant crystals
could have originally been clastic grains which were mechanically brought into the system and
subsequently neomorphosed. For instance, the horizontal-trending fine patches of
gypsum/anhydrite have an undiagnostic origin, which could have been from eolian transport or
cumulate precipitation. Another ambiguous feature are the rare coarse sand-size blocks of
gypsum/anhydrite, which may have been detrital grains (or abraded crystals), or are relict of
the original anhydritic texture of the unit that did not undergo recrystallization processes.
The alternating thick laminations of gypsum/anhydrite and thin laminations of red
mudstone, and rare intercrystalline iron-oxide cement suggest that gypsum was more
commonly precipitating in a shallow water environment and that red muds were deposited less
commonly. There are three ways that the red mud may have been deposited: (1) as a chemical
precipitate at times when the saline water body was enriched in iron and had oxidizing
conditions; (2) as a detrital sediment deposited during floods; and/or (3) as a detrital sediment
deposited by wind. The first possibility suggests that the lake system was relatively acidic and
saline (Turner, 1980; Benison et al., 2007). These are unusual conditions, but they are observed
in modern analogs such as the intercontinental semi-arid acid saline lakes in Western Australia
(Benison et al., 2007). The second possibility of flooding events would require a source of red
mud in relatively close proximity to the shallow saline water. This iron-oxide mud may have
been sourced from nearby shallow acid saline waters, or from clays formed from weathering of
subaerial material (Benison et al., 2007). The third option may have also been sourced from the
22

same sources as the second possibility. However, there are no other distinct eolian features in
the red mud, such as a bimodal grain size, frosting, or pitting. This texture is perhaps a
combination of these geochemical and environmental conditions.
The acicular gypsum/anhydrite crystals within some of the subhorizontal laminations of
reddish mud may have formed in a variety of conditions. These acicular crystals may be
cumulate precipitates which concurrently settled with the mud in conditions described by the
three possibilities listed above—as iron-oxides actively precipitated, as flooding events
occurred, or as wind carried mud. Conversely, the acicular crystals could have been detrital
grains that were concurrently carried in with the wind or flooding events. This would suggest
that there was a nearby source of gypsum/anhydrite from another nearby saline water
environment or previous gypsum deposit. This feature may have also formed at wet mudflats,
where displacive acicular gypsum/anhydrite could form syndepositionally with mud. However,
displacive gypsum typically has a specific subhorizonal orientation (Andeskie et al., 2019).
There is additional evidence of physical sedimentation of the laminar beds. The
polygonal to lenticular pseudomorphs with magnesium and tungsten may have also originally
been detrital grains which were formed by dust storms amongst the gypsum/anhydrite and
deposited (Benison, 2017). The subtle poorly-developed bedding from the opaque material in
the gypsum/anhydrite mosaic could also suggest that the original deposit was reworked
mechanically, either through bioturbation or shrinking and swelling.
The opaque material in the microlaminations, which also surrounds the pseudomorphs
and gypsum/anhydrite mosaic crystals could represent a reworked mud drape or remnant
organic matter. The subtle crinkled texture and the opaque blobs suggests an organic origin.
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Another possibility is that these microlaminations could be poorly developed stylolites. Rare
stylolites were identified in the upper Permian Zechstein anhydrite from Germany, which were
assumed to have formed from primary magnesite-clays (Bäuerle et al., 2000). However,
analyses show this thin-section at depth 1946’9” has no clear evidence of dissolution
boundaries of crystals, the microlaminations are not visible in hand sample, and there is no
evidence from the EDS map that the microlaminations are magnesite. This feature is likely a
combination of remnant organics and mud.
Although the EDS map could not diagnostically indicate the areas which have an
abundance of carbon because of the carbon-based epoxy on the thin-section, the EDS and the
XRD analyses do indicate that there are high concentrations of magnesium, which indicates
where the magnesite is. The magnesium is part of the pseudomorph and within the interlocking
crystal mosaic, suggesting that magnesite has partially replaced the pseudomorphs and was
present during the recrystallization of the gypsums/anhydrites. This is similar to the Permian
intracrystalline evaporites and magnesite of the Austrian Alps, in which the authors attributed
the interlocking magnesite to have possibly formed as replacement features (Neidermayr et al.,
1983). In summary, the laminated gypsum/anhydrite texture could be cumulate or clastic in
origin.

24

Figure 8: A) SEM image and B) elemental map of unpolished thin-section at depth 1946’9” of the laminated
gypsum/anhydrite texture, showing the elemental distribution and abundance of a pseudomorph and the
surrounding interlocking crystal mosaic of gypsum/anhydrite.

Massive Gypsum/Anhydrite Texture
Observations
The massive gypsum/anhydrite texture is predominantly pale red to reddish grey and is
featureless until polished (10R 6/2-7/3; 5YR 5/2). A major feature visible in polished core slabs
include red and very pale brown patches of mud (Fig. 9A; 10R 5/6; 10YR 8/3-4). Another slab
has a dendritic texture with light pink polygonal shapes (Fig. 9B). In thin-section, the lithology
has a variety of textures which are reminiscent of both the bottom-growth and laminated
gypsum/anhydrite textures, while other textures are unlike other aforementioned textures.
One familiar texture is a subangular block of gypsum/anhydrite (1.45 mm) nearby other
finer interlocking sulfate crystals (Fig. 9C). Additionally, there are blue mud patches with
gypsum/anhydrite crystals (0.7 – 4.4 mm), which are similar to the red mud lenses in the
laminated gypsum/anhydrite texture. However, the mud in this texture is chaotic and has
blocky gypsum/anhydrite crystals in the mud patches (Fig. 9D).
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Some diagenetic observations are similar to the bottom-growth gypsum texture. Several
thin-sections have intercrystalline halite cement (Fig. 9E). This halite fills rare polygonal shapes
similar to swallow-tail gypsum, but unlike the bottom-growth gypsum pseudomorphs, there is
no obvious bedding structure and some of the swallow-tail shapes are fragmented. In other
parts, the halite cement is so intermixed with acicular gypsum/anhydrite crystals that the
morphology of the original pore space is ambiguous.
Additionally, there is another texture and a cement that is exclusive to the massive
gypsum/anhydrite texture. Distinct patches of equant gypsums/anhydrites (0.015 – 0.03 mm)
are surrounded by larger blocky gypsum/anhydrite crystals (0.23 – 0.9 mm). The blocky crystals
are rectangular to equant, while the patches are circular to oblong with widths ranging from 0.3
to 0.35 mm (Fig. 9F). Minor amounts of intergranular iron-oxide cement can be observed
between gypsum and anhydrite crystals.
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Figure 9: Massive gypsum/anhydrite texture in the Blaine Formation from the Bounds core. A-B) Core slabs with
chaotic patches of tan and red A) at depth 2048’ B) at depth 2033’6”. C) Gypsum/anhydrite texture with blocky
pinkish orange anhydrite crystal at depth 2033’6” (XPL). D) Dark blue patches of blue mud, authigenic quartz, and
intercrystalline porosity (arrow); depth 2044’2” (XPL). E) gypsum/anhydrite crystals with halite pseudomorph after
gypsum at depth 2033’6” (RL). F) Large blocky gypsum/anhydrite interbedded with smaller patches of
gypsum/anhydrite at depth 2048’ (XPL). Images are cross sections orientated to stratigraphic up.

Interpretations
The microtextures of the massive texture may be indicative of a combination of
cumulate and bottom-growth crystals from a saline water that were reworked. These shallow
waters were likely enriched in Ca and SO4 ions. The fragmented and well-preserved swallow-tail
shapes exemplify that bottom-growth gypsum was mechanically reworked. Because there is no
preserved bedding of such crystals, there is no evidence that the bottom-growth crystals are insitu.
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The equant to rectangular crystals of gypsum/anhydrite and quartz overgrowths with
intercrystalline porosity may suggest that these deposits were originally clastic. The abundance
of evaporite minerals could have been preferentially carried by the wind more easily, as these
crystals are less dense than quartz grains (Benison et al., 2007). The chaotic patches of blue
mud intermixed with blocky sulfate crystals may also point to mechanical deposition of this
texture. It is not probable that these lenses were once mud laminations because there is no
indication of horizontal bedding. Additionally, the large gypsum/anhydrite block may be
detrital, or it may be an artifact of original anhydritic texture of the unit that did not undergo
recrystallization.
The fine equant patches of gypsum/anhydrite could have formed several ways. Based
on the oblong morphology of the patches, these could have been originally been intraclasts of
mud or an efflorescent crust from the surrounding depositional environment. Rip-up clasts of
efflorescent crusts are known to be common in shallow impounded water environments
(Smoot and Lowenstein, 1991; Smoot and Castens-Seidell, 1994). If this once was an
efflorescent crust, the gypsum and anhydrite within the crust could have subsequently
recrystallized after burial and ruined the originaltexture. The heterogeneity of this texture
demonstrates that a variety of chemical and physical reworking formed this texture.

Displacive Halite Lithology
Observations
Displacive halite is a lithology composed of red mudstone (10R 6/6; 10R 5/6; 2.5YR 4/2)
with randomly orientated, blocky halite crystals (Fig. 10A – B). The displacive halite lithology is
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found at four intervals that range in thickness from ~1 ft to 42 ft (2022’9” – 1980’5” , 1975’ –
1966’, 1957’11” – 1956’5”, 1941’ – 1931’5”) and comprises 50% of the Blaine Formation in the
Bounds core (Zambito et al., 2012).
In thin-section, the mudstone of the displacive halite lithology has more than 50% silt
grains which are floating in clay (Table 1, sample 6). The grains are comprised of
gypsum/anhydrite, halite, quartz, and organics which are well-sorted and subrounded. The
sphericity of the grains is poorly to moderately spherical and the sedimentary structure is
massive.
The randomly oriented halite crystals are cubic to subcubic and range in size from
approximately 0.5 to 3 cm. The halite abundance in the lithology ranges from 15 to 95%.
Zambito et al. (2012) also record that the distribution of this halite varies, but overall there is a
high halite to siltstone ratio. Each of the three thick lithostratigraphic beds of displacive gypsum
typically have a high amount of halite at the base and a decreasing upward trend of halite
displacive crystals.
There are several other diagenetic features, besides the displacive halite crystals, in the
displacive halite lithology. Microcrystalline gypsum/anhydrite is identified in and around the
mud (Fig. 10C). Additionally, there is an abundance of cracks in the mud which are subparallel
to each other and are subhorizontal (Fig. 10C–D). These cracks are partially lined by a
unidentifiable tan drusy cement, and halite cement rims the drusy cement. Furthermore, halite
veins cross-cut the red mud and the cracks. There are also millimeter-size vugs that are filled
with angular grains of clay and mudstone (Fig. 10D). Another diagenetic feature of the
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mudstone is teardrop-shaped pale grey blotches that appear occasionally throughout the thinsection.

Figure 10: Displacive halite in the Blaine Formation from the Bounds core. A) Core slab displacive halite capped
with chevron-rich bedded halite at depth 1931’6”. B) Thin-section view of halite (grey) with mudcracked mudstone
and microcrystalline gypsum/anhydrite at depth 1981’ (XPL). C-D) Thin-section photographs at depth 1968’6”
(combination PL and RL). C) Angular grains of clay and mudstone in vugs (combination PL and RL). D) Mudstone has
cracks partially filled with halite cement and an eye-shaped reduction spot (XPL). Images are cross sections
orientated to stratigraphic up.

Interpretations
The displacive halite lithology developed in unconsolidated saline mudflats that are
located on the margins of saline lakes (Hardie, 1984; Lowenstein and Hardie, 1985, Smoot and
Lowenstein, 1991; Smith, 1971; Benison et al., 2007; Benison et al., 2015). The saline mudflat
environment typically has shallow saline groundwater that precipitates halite and pushes aside
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unconsolidated mud (Casas and Lowenstein 1989). It is very possible that the mudstone was
originally deposited mainly by sheet floods during rainstorms and by winds, similar to the
claystone from the mudstone lithology (Fig. 11). The similarities of siliciclstic mudstone lithology
and the mudstone in the displacive halite lithology are the tan drusy cement, presence of
cracks, reddish clay, and silt mineralogy. Thus, it is feasible that the original environment of the
displacive halite lithology experienced the same conditions of the mudstone lithology, which
includes swelling, shrinking, and subaerial exposure.
The presence of microcrystalline gypsum/anhydrite is syndepositional and suggests that
sulfates were also present in the original depositional environment. The angular grains of clay
and mudstone that fill vugs may be a collapse breccia, which shows that the original
environment experienced weathering and erosion or from wetting and drying. The lack of
distinct sedimentary structures in the mud shows that the halite precipitation occurred before
sedimentary features had the opportunity to form. The white blotches are perhaps reduction
spots which diagenetically formed from organic remains such as root features or a colony of
microbes. The abundant cracks in the mud are possibly mudcracks, however it cannot be ruled
out that these cracks once existed in the displacive halite crystals too and were later healed
from the viscoelastic properties of halite.
The distribution of halite in the displacive halite lithology through time could have been
facilitated through varying water table levels. Shallow saline groundwaters of a modern analog
in Western Australia have a consistent groundwater salinity, and the size and amount of halite
precipitation is dependent on the water table level (Benison et al., 2007). Thus, a shallow water
table would be more likely to interact with the mudflat than a deeper water table. At the base
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of the lithostratigraphic displacive halite beds of the Blaine Formation, there may have been a
relatively shallow water table, which deepened over time.
In contrast, the variable distribution of the halite may have been caused by temporal
variations in water salinities. At the base of the displacive halite beds, the original groundwater
may have been saturated with Na-Cl to form halite. Less halite precipitation at the top of the
stratigraphic displacive halite beds may indicate that groundwater salinity was below halite
saturation that would have dissolved any halite that previously formed. Brine undersaturation
could have been caused by dilution from a new input source of fresh water over time, leading
to a decreased availability of Na and Cl ions. It is also possible that the precipitation of halite
could have rerouted groundwater pathways. However, because modern analog environments
such as the surface and groundwater brines of Western Australia have no evidence of a large
variance of salinities in groundwater (Benison et al., 2007).

Siliciclastic Mudstone Lithology
Observations
The mudstone lithology has thin beds of light brownish red to light red siltstone and
claystone (1958’ – 1957’11”, 1956’5” – 1954’, 1954 – 1953’9”; 2.5YR 7/3-4; 2.5YR 8/3; 2.5YR
7/6). This lithology comprises approximately 2.4% of the Blaine Formation in the Bounds core.
The siliciclastic claystone is a very fine, light-brownish-red to light-red mud with blocky
peds (Fig. 11A). The grains are well-sorted and range from coarse silt to very coarse sand, and
coarse silt predominates in the clay matrix. The composition of these grains includes
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subrounded quartz, halite, acicular gypsum/anhydrite, and organics floating in the red clay
matrix (Fig. 11B).
The claystone exhibits dark red mottles are in the clay, and some of the larger dark
mottles have lighter colored subangular mottles within them (Fig. 11C). Many of the larger
mottles are partially rimmed with circumgranular cracks, and craze plane cracks cross-cut the
mottles. The craze plane cracks are lined with a drusy tan cement too small to identify and a
fluid inclusion-rich magnesite cement (Fig. 11D). The drusy cement completely fills some of the
thinner cracks.
The siliciclastic siltstone is a thin pink unit composed of curved patches of light red clay
(Fig. 12A – B). Siltstone grains are well-sorted and have the same grain size range as the
claystone mentioned above. The grain composition primarily has subrounded halite, acicular
gypsum/anhydrite, and quartz. Unlike the claystone, the siltstone has no organics. Additionally,
there are tannish blue pebble-size lithic clasts which are subrounded to rounded. All of these
grains are floating in the clay matrix, and they are also present in the red patches. Some quartz
grains have an iron-oxide halo (Fig. 12C). Acicular gypsum/anhydrite crystals are randomly
orientated (Fig. 12C). The red patches visible in hand sample are elongated in thin-section (Fig.
12C – D).
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Figure 11: Siliciclastic claystone in the Blaine Formation from the Bounds core at depth 1955’. A) Core slab with
blocky peds. B-D) Thin-section images. B) Mottled texture and magnesite veins (RL); C) Opaque minerals,
gypsum/anhydrite, halite, and quartz grains floating in clay matrix; (PL). D) Magnesite veins and fluid inclusions
lined with tan drusy cement; (XPL). Images are cross sections orientated to stratigraphic up.

The siltstone has some diagenetic features. The red patches are surrounded by
circumgranular cracks (Fig. 12C – D). Zambito et al. (2012) noted that the siltstone has soil
slickenslides. Radial displacive gypsum/anhydrite crystals are present as clumped acicular
crystals (0.44 – 2.2 mm; Fig. 12E). The clumps contain authigenic quartz (Fig. 12E). Furthermore,
there are eye-shaped oblong crystalline assemblages that are white in transmitted light and
white to dark grey/blue in crossed polarized light in the siltstone (Fig. 12F). Close up
observation suggests that the oblong assemblages are composed of chert with dark red mud,
surrounded by a subtle dark red halo of clay.
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The bedded gypsum/anhydrite contact overlying the mudstone has subhorizontal
acicular gypsum/anhydrite crystals (Fig. 12G). Near this contact, secondary halite and quartz
cement appear to have replaced another mineral which had a polygonal morphology (Fig. 12H).
The veins which cross-cut the features and grains mentioned above include a dark grey mud,
and partially-filling magnesite and halite veins (Fig. 12H).

Interpretations
The siliciclastic mudstone is interpreted as a mudflat sediment that underwent some
pedogenesis in a dry climate. Before soil overprinting, these mudstones were likely deposited
as wet saline mudflat sediments. Evidence of this are the acicular displacive gypsum clumps,
which precipitate in the ground from shallow groundwater that is enriched with Ca and SO4 ions
(Smoot & Lowenstein, 1991; Andeskie and Benison, 2019). The subhedral quartz grains could
have served as a substrate for gypsum formation. The subrounded shape of the other
gypsums/anhydrites may indicate these crystals were mechanically transported in relatively
close proximity from a source of gypsum/anhydrite. This source may have been from a nearby
saline water actively precipitating gypsum/anhydrite or was eroded from a lithified or semilithified deposit (Benison et al., 2007; Benison, 2019). The iron-oxide coatings of quartz grains
may indicate the original environment had acidic conditions, which are favorable for iron-oxide
precipitation. Iron-oxide precipitation is known to occur near or within acidic lakes (Walker,
1976; Benison, 1997; Benison et al., 2007; Bowen et al., 2008).
The fine grain size, well sorting, red color, soil slickenslides, mottled texture, blocky
peds, circumgranular cracks, and craze plane cracks are indicative of mudflat sediments that
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have undergone some pedogenesis to become a desert soil. The mudstones lack trace fossils,
defined horizons, and a range of colors that are typically preserved from paleosols that formed
in a humid environment (Retallack, 1988; Mack et al., 1993). The circumgranular cracks and
craze plane cracks are indicative of shrinking and swelling from wetting and drying (Goldstein,
1988; Benison et al., 2015). The abundance of clays, mottles, and organics may point to
biogenic activity and subaerial exposure (Retallack, 1988; Mack et al., 1993). Specifically, the
red clay patches could be oxidized remnants of organic material, such as ancient plant features
or microbial filaments (Wu et al., 2007; Rossi and De Philippis, 2015). Another way this mottled
texture can form is through erosion and deposition from wind or flooding of the wet mudflat.
The mottles are plausibly a combination of these processes.
The diagenetic chert, halite replacement, and authigenic quartz features possibly
formed later, although there is no clear cross-cutting relationship between the displacive
gypsum/anhydrite and these features. If groundwaters had been complex saline waters at an
unusually high or low pH, multiple authigenic solids, including gypsum, halite, iron-oxides, and
chert, may have formed early as cements in the shallow subsurface or surface (Bowen et al.,
2012). The chert may have formed from localized replacement of another material, or it may
have precipitated in a vug created from the dissolution of a more soluble mineral. The
authigenic quartz may be partially replacing a former detrital halite block. Magnesite veins
cross-cut the features described above, which shows that the magnesite was a later diagenetic
feature.
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Figure 12: Siliciclastic siltstone in the Blaine Formation from the Bounds core at depth 1953’10”. A) Core slab. B-H)
Thin-section images. B) Overview of wavy and curved cracks with bright white cement in (PL). C) Red patches and
quartz grain with red halo in reflected and transmitted light. D) Bright white veins, circumgranular cracks, and tan
clasts (PL). E) Gypsum/anhydrite nodules with authigenic quartz (XPL). F) Chert feature with red mud inclusion
(XPL). G) Mudstone with displacive gypsum which is capped by truncated gypsum/anhydrite crystals; (XPL). H)
Halite (dimpled) replacement feature and authigenic quartz (white to tan) with grey veins (XPL). Images are cross
sections orientated to stratigraphic up.
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Crystalline Carbonate Lithology
Observations
The crystalline carbonate lithology is the least abundant rock type, comprising only 6
inches (15.26 cm), or 0.5%, of the 125 feet of Blaine Formation thickness in the Bounds core.
This unit is composed primarily of carbonate minerals with grey, very pale brown, light reddish
brown, and dark reddish brown hues (10YR 6/1 10YR 8/2; 2.5YR 7/3; 2.5YR 3/3; Fig. 13A–B).
This crystalline carbonate unit is the basal unit of the Blaine Formation, unconformably
overlying the topmost Flowerpot Shale Formation red siliciclastics. The crystalline carbonate
unit is overlain by bedded gypsum.
The crystalline carbonate is divided into two subunits: a 2-inch thick basal cross-bedded
interlocking crystal mosaic of dolomite with some pedogenic features (Fig. 13B) and a 4-inch
thick upper crystalline carbonate unit of ghost grains. This lithology weakly effervesces with
dilute hydrochloric acid and has no original carbonate textures.
The 2-inch basal sequence is mostly comprised of halite and quartz mud aggregates,
grey clasts of carbonate mud, siliciclastic intraclasts, and minor amounts of iron-oxide grains.
The sand-size mud aggregates are subangular and are partially coated with red and grey mud
(Fig. 13C). They are distributed as lenses in subtle cross-bedding. Very fine to medium sand-size
reddish brown platy siliciclastic intraclasts and grey clasts of carbonate mud are observed in
subtle wave-ripple cross bedding (Fig. 13B, D). Iron-oxide grains are rounded and sand-size.
Diagenetic features dominate the basal subunit. Anhedral to subhedral interlocking crystal
mosaics of dolomite surround these grains (Fig. 13E). Moreover, the clasts of carbonate mud
are an interlocking crystal mosaic of dolomite. The clasts of carbonate mud appear to have
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tapering grain boundaries with hooked apophyses (Fig. 13D). Red iron-oxides are present in the
interlocking dolomite cement (Fig. 13D – E). Circumgranular cracks surround some subrounded
sand-size iron-oxide grains (Fig. 13C). Syntaxial quartz overgrowths are present throughout this
unit on sand-size quartz grains that are occasionally lined with red halos (Fig. 13F). The blocky
to blobby syntaxial quartz overgrowths appear as isolated overgrowths and as lenses
throughout the thin-section. Additionally, there are veins filled with quartz and halite which are
subvertical and subhorizonal (Fig. 13E). Some of these veins are surrounded by a grey halo of
clay (Fig. 13G). There are also greyish brown subhorizonal sub-millimeter-thin laminations
present (Fig. 13G).
The 4-inch upper subunit of the crystalline carbonate unit is composed of dolomite
ghost grains, minor amounts of gypsum/anhydrite crystals, and rare siliciclastic iron-oxide
grains. The majority of the upper subunit has fine to very coarse sand-size ghost grains which
are an interlocking crystal mosaic of dolomite replaced grains of (Fig. 13H1 – 2, 13I). Some of
these grains vaguely resemble allochems (Fig. 13H1 – 2). Acicular gypsum/anhydrite crystals are
only observed from 2052’6” to 2052’ of the unit (Fig. 13J). Siliciclastic iron-oxide grains are
sand-size and subrounded (Fig. 13H1). There are a variety of cements observed in this upper
subunit. Isopachous euhedral to subhedral dolomite cement surrounds the grains (Fig. 13H2 –
I). An additional microcrystalline carbonate cement is grey in transmitted light and bluish grey
in crossed polarized light and can also be observed as rounded patches (~1 mm) (Fig. 13H1 –
H2). The distribution of the cements varies—some areas of the thin-sections are abundant with
this microcrystalline carbonate cement and minor amounts of subhedral isopachous dolomite
cement, while other areas have an inverse trend. The grains are floating in an intergranular
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halite cement, and some grains have intragranular halite cement (Fig. 13H1 – 2). The
intragranular halite cement is occasionally lined by an iron-oxide mud (Fig. 13H1). Small
amounts of gypsum/anhydrite cement are observed locally near the acicular gypsum/anhydrite
crystals (Fig. 13J). Syntaxial quartz overgrowths are also present throughout this upper portion
of the unit (Fig. 13F). Additionally, there are quartz-filled veins lined by euhedral iron-oxides.

Interpretations
Pinpointing the exact depositional environment of the crystalline carbonate lithology is
complex because of the degree of diagenesis and overprinting of this unit. There are no
unaltered carbonate grains identified. Several possibilities for the original depositional
environment of the crystalline carbonate lithology include the following: (1) a carbonate-rich
shallow water environment which precipitated carbonates in-situ or was transported; and (2)
carbonate grains were reworked from an older formation and deposited in a shallow saline
water. The possibilities of originating from a carbonate-rich shallow water and being
transported or reworking of carbonate grains from a previous deposit are both possible
because the grains appear to be abraded and have well-rounded iron-oxide grains and ironoxide coated quartz grains. However, it is also plausible that there were no carbonates present
in the original environment because there is no original carbonate texture observed to suggest
otherwise. Thus, the carbonates may have also formed from diagenetic fluids. However, this is
perhaps unlikely because some of the ghost grains are reminiscent of allochems. Regardless,
these grains were subjected to wind or water, as evidenced by the subtle wave ripple crossbedding.
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The mud aggregates of quartz and halite were coated before being transported and
redeposited in this lithology. The heterogeneity of the morphology of the clay coatings shows
that the coatings of the mud aggregates could have formed in the phreatic or vadose zone and
were subsequently eroded during transportation. The iron-oxide coatings were possibly
precipitated as a cement in association with acid saline lakes (Benison, 1997, Benison et al.,
2007; Bowen et al., 2008). The grey coatings on the quartz and halite grains could have formed
from suspended siliciclastic or carbonate material in a shallow water. It is also possible that the
grey coatings could represent pedogenic calcretization that occurred in a carbonate rich
horizon (Wright, 1993).
The clasts of carbonate mud could have originally been intraclasts or peloids. The clasts
resemble distorted oolites and pseudo-oolites described by Carozzi (1961) because both grains
seen in this unit and Carozzi’s findings have hooked apophyses. Based on his interpretation, this
microfabric is suggestive of subaqueous alteration of carbonate grains. Carozzi (1961) also
determined that the deformation occurred early on, because the surrounding cement was
unaffected by ductile deformation. In this lithology, the lack of original carbonate cement
makes it unclear whether the cement was concurrently affected by ductile alteration. Another
possibility is that the irregular shape and distribution of the clasts of carbonate mud and
surrounding cements were altered from localized compaction or pedogenesis. The
circumgranular cracks, coated grains, and red clay point to pedogenic overprinting of the base
of the crystalline carbonate (Retallack, 1988; Mack et al., 1993). The red iron-oxides could be a
combination of mud and oxidized remnants of organic material (Wu et al., 2007; Rossi and De
Philippis, 2015). The grey halo around some of the halite and quartz veins could be drab-haloed
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root traces from pedogenic gleying, and the halite and quartz may be replacing roots (Retallack,
1988). However, these cements have no distinct branching or tapering that typical root features
have. The greyish brown microlaminations may also be relict root features, which branch and
taper. These could have originally been plant material such as thin fibrous roots from plants like
grasses (Retallack, 1988).
Mid-late diagenetic features in the crystalline carbonate lithology include the veins in
the top subunit and the quartz overgrowths throughout the lithology. Iron-oxide cement
crystals formed before the quartz veins because the red crystals initially line the veins. The
quartz overgrowths cross-cut the dolomite and halite. The irregular distribution of the dolomite
cement and the anhydrite cement point to localized compaction. This diagenetic feature would
have occurred after deposition of all cements and gypsum/anhydrite.

Figure 13 (on next page): Crystalline carbonate in the Blaine Formation from the Bounds core. A-B) Core slabs A) at
depth 2052’6” – 2052’11” and B) 2052’11” – 2053’. Note the wave ripple cross-bedding in the top half of slab. C-K)
Thin-section images. C-E) at depths 2053’. C) Circumgramular cracks (bottom arrow) and mud clasts of halite and
quartz (top arrows) (bright white; XPL). D) Red intraclasts and grey clasts of carbonate mud with hooked apophyses
(arrow) (PL) E) Interlocking dolomite cement with red iron-oxides (PL). F) Syntaxial quartz overgrowths (white, tan,
and blue) with red halos (arrow); depth 2052’11” (RL). G) Vertical halite (white) and quartz (tan) replacement
features with a grey halo and horizontal dark grey microlamination, depth 2053’ (XPL); H) Dolomite grains and
iron-oxide grains with intra- and inter- granular halite cement and isopachous dolomite cement; depth 2052’11
(XPL) (H1) and at extinction (H2). I) dolomite grains with halite cement, iron-oxide cement, dolomite cement, and
quartz overgrowth at depth 2052’11” (XPL). J) Compacted dolomite grains with dolomite cement and anhydrite
cement at depth 2052’6” (XPL). Images are cross sections orientated to stratigraphic up.
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Depositional Environments of the Blaine Formation
The association of the bedded halite, bedded gypsum/anhydrite, displacive halite,
siliciclastic mudstone, and crystalline carbonate lithologies of the Blaine Formation represents a
saline lake-mudflat-desert soil depositional system (Fig. 14). Because the bedded
gypsum/anhydrite and bedded halite are associated with saline mudflat deposits and paleosols,
they can be considered lake deposits. This interpretation is supported by other similar
documented depositional environments of the mid-Permian of western Kansas (Lowenstein and
Hardie, 1985; Benison and Goldstein, 2001; Andeskie et al., 2018).

Figure 14: Depositional model in map view and cross section of the saline lake-mudflat-desert soil
depositional system of the Blaine Formation (from Andeskie et al., 2018).
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The bedded halite and bedded gypsum precipitated from evapoconcentrated saline
lakes. Much of the bedded halite lithology experienced subsequent intervals of desiccation and
flooding, as evidenced by the chevron crystals, cracks, efflorescent crusts, and dissolution pipes
in the bedded halite (Schubel and Lowenstein, 1997). The bedded gypsum/anhydrite can
precipitate in more variable depths. The cracks and mud drapes in the bedded
gypsum/anhydrite lithology may suggest flooding and desiccation events, although these are
not diagnostic indicators. Another potential continental environment for the bedded gypsum
could be a hydrothermal spring. However, there are no clearly preserved hydrothermal
textures, such as botryoidal or columnar gypsum, or flow banding (Hinman and Walter, 2005).
Additionally, the areal extent of the bedded gypsum is more widespread than a typical localized
hydrothermal system deposit (Zambito et al., 2012).
The red mudstones and the displacive halites were deposited in mudflats near shallow
saline lakes, perhaps during sheetfloods during rainstorms. Additional red mud accumulation
was likely due to wind. The main difference between the red mudstone and displacive halite
lithologies is the presence of absence of displacively-grown halite crystals. Water table depth
controls the growth of displacive minerals—in saline mudflats, adjacent to saline lakes, the
water table is shallow and groundwater is saline so displacive halite forms. However, in dry
mudflats, adjacent to saline mudflats, the deep water table and dry near-surface sediments
result in a lack of displacive halite crystal growth (Hardie, 1984; Lowenstein and Hardie, 1985,
Smoot and Lowenstein, 1991; Smith, 1971; Benison et al., 2007; Benison et al., 2015).
Some of the red mudstones have soil features, including wetting-and-drying cracks
interpreted as peds, as well as some small suspect root features. The mud experienced
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pedogenesis and subaerial exposure for long periods, and was only wetted temporarily by
occasional rainstorms. There is little evidence of organic matter in the Blaine formation
paleosols, which suggests that these were arid climate soils.
Previous studies have interpreted red beds to form in continental environments which
have either tropical or desert soils (Walker, 1967; Walker, 1976; Knapp, 2020). Preexisting ironoxide coatings on grains and detrital iron-oxide grains could also contribute to reddening of
beds (Knapp, 2020). The association of evaporites within and around these red beds suggest
that they formed from arid desert soils.
The thin carbonate unit in the Blaine Formation in the Bounds core is highly anomalous
for the mid-late Permian rocks of Kansas. Previous studies of outcrops and other cores
considered the carbonate unit to be an oolitic dolomite (Zeller, 1968) or a pseudo-spherule
Microcodium-rich calcrete (Benison, 1997; Benison and Goldstein, 2001). However, no wellpreserved ooids were observed in thin-section of the Bounds core, and there is no strong
evidence of Microcodium, based on the morphologies described by Kosir (2004) and Kabanov et
al. (2008). The thin carbonate unit has been overprinted with diagenesis and it is not clear if
there are any depositional carbonate grains. Because the crystalline carbonate lithology is the
only carbonate unit within ~2000 feet thickness of the Bounds core, it is improbable that this
was originally a restricted or shallow marine facies. Rather, the dolomite replacement, ironoxides, and inter- and intra- granular halite cement suggests that the source of carbonate could
be from a previous carbonate deposit or a carbonate rich shallow water which was subjected to
diagenesis. Without additional stratigraphic evidence of older carbonate rocks in the region of
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the Bounds core, it seems improbable that the crystalline carbonate was formed in a marine or
marginal marine environment.
The association of the saline lake-mudflat-desert soil lithofacies indicate the crystalline
carbonate lithology was formed in subaerial environments rather than marine lithofacies. This
interpretation is supported by criteria established by Hardie (1984), in which marine evaporites
can be distinguished from continental evaporites by examining features such as fossil types,
mineralogical assemblages, or associations with marine-indicative sedimentary lithofacies. The
lack of fossils, carbonate-evaporite assemblages that formed depositionally, and other marineassociated lithofacies are strong indications that the original environment of the Blaine
Formation was continental.

Diagenesis of the Blaine Formation
The Blaine Formation has many diagenetic features which occur at variable times
relative to each other (Fig. 14). Many of the early diagenetic features, such as circumgranular
cracks, desiccation cracks, and dissolution features form from wetting and drying events and
pedogenic overprinting. Later diagenetic features include veins and overgrowth cements. The
relative timing of some diagenetic features is ambiguous and/or may not have a clear crosscutting relationship to other features, so questions marks are noted at these times.
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Figure 15: Paragenetic sequence of diagenetic features of the Blaine Formation in the Bounds core.

DISCUSSION
Stratigraphic Trends
The stratigraphy of the Blaine Formation has no significant temporal trends. Each of the five
lithologies of the Blaine Formation have varying thicknesses, and in general, the contacts between these
lithologies are sharp unconformities. This may indicate that erosive forces dominated during the midPermian in western Kansas.
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The lithologies of bedded gypsum, bedded halite, displacive halite, crystalline carbonate, and
red mudstone are indicative of laterally migrating continental saline lake-mudflat-desert soil systems.
This interpretation is supported by modern analogues such as lacustrine systems in Western Australia
(Benison et al., 2007). In these systems, saline lake environments transition to wet mudflats, dry
mudflats, and desert soils. These facies can spatially change position in a short amount of time from
varying environmental factors. For example, a supersaturated lake during a flooding stage can have a
large areal extent of precipitated lake deposits, while the same lake during desiccation would be
overprinted by the surrounded mudflat environment. Thus, the Blaine Formation records an erosive
time with laterally migrating lacustrine environments.

Geochemistry of the Waters and Brines of the Blaine Formation
Studying the Blaine Formation yields chemical information about the Permian
depositional waters, as well as subsequent diagenetic brines. The abundance of halite and
gypsum beds (nearly 50% of the Blaine Formation) demonstrate that the lake waters were
enriched with Na, Cl, Ca, and SO4 ions which precipitated chemical sediments such as cumulates
and bottom-growth crystals. Solid gypsum/anhydrite inclusions and gypsum/anhydrite
accidental daughter crystals in the bedded halite further reveals that these were Na-Ca-Cl-SO4
saline lake systems. Moreover, the syndepositional displacive halite (~50% of the Blaine
Formation) shows that groundwater was relatively shallow and saline, as well.
The pH of the mid-Permian surface and groundwater of the Blaine Formation in the
Bounds core is ambiguous. The definitive way to quantitatively determine pH is by the
detection of pH dependent compounds, such as bisulfate, in the case of acid waters and
bicarbonate in alkaline waters, in fluid inclusions. Only extreme lower and upper ranges of pH
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can be determined this way. Some bedded halite in the Blaine Formation from other cores
recorded 0 – 1 pH (Benison et al., 1998; Benison, 1997). However, for this current thesis, laser
Raman spectroscopy, the method for measuring bisulfate, was not conducted.
Jagniecki and Benison (2009) developed criteria for the recognition of acid precipitated
halite. The color, microfossils, and accessory minerals are important acid saline indicators.
Overall, the color of the Blaine Formation halite has reddish pink hues, which resemble the
yellow-orange colors of acid-precipitated halite. Additionally, the presence of mineral-microbial
clumps called “hairy blobs” is another indicator that some of the halite was precipitated in acid
lakes; these “hairy blobs” are exclusively found in halite from acidic brines (Benison et al., 2008;
Benison, 2019). The mineralogy of the Blaine Formation, with abundant gypsum/anhydrite and
iron-oxides, yet scarce carbonates, may indicate that these were acid saline systems (Benison
and Goldstein, 2002). A study with emphasis on laser Raman spectroscopy of minerals trapped
within halite could have yielded identification of more accessory minerals associated with acidic
environments. It is improbale that the Permian waters preserved in the Blaine Formation were
alkaline because there is no evidence that carbonates in the Blaine Formation formed
depositionally.
Moderate to late diagenetic groundwaters were plausibly alkaline. Magnesite cement
post-dates all other features. The source of the magnesite is discussed below.

Investigating the Origin of Magnesium and Tungsten
Magnesium has been identified in noticeable concentrations in the bedded gypsum and
siliciclastic mudstone as a crack-filling cement and a replacement feature, while tungsten was
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observed as a replacement feature in bedded gypsum. Magnesite and tungsten can be
deposited four main ways: as a chemical sediment (Ryan, 1951; Carpenter and Garrett, 1959;
Lowenstein, 1987; Ririe, 1989), as a product of weathering from a previous tungsten deposit, as
a precipitate from a hydrothermal fluid, or as a mid-late diagenetic feature from magmatism or
metamorphism (Garber et al., 1990; Pohl, 1989). A metamorphic or magmatic origin is
improbable because there are no metamorphic or igneous mineral assemblages, and the
nearest documented Permian-age batholith is in southern Oklahoma. Additionally, it is also
unlikely that the tungsten and magnesite are hydrothermal in origin because there are no
preserved hydrothermal textures. There is no discrete evidence that the magnesite and
tungsten were from the original depositional environment since there are no clear bedding
textures that have been preserved. Moreover, the tungsten and magnesium may have formed
as separate deposits. Additional sedimentological and geochemical studies must be performed
to resolve the origin of tungsten and magnesium.

Evaluating the Variability between the Subsurface and Outcrops of the Blaine Formation
The surface expressions of the Blaine Formation vary considerably from the core. The
outcrops of the Blaine Formation are prevalent in Kansas, with documented exposures at
Barber, Comanche, Kiowa, and Clark counties (Zeller, 1968; Benison, KGS Open File Report;
Benison et al., 2015). Based on outcrop studies, Norton (1939) established four members of the
Blaine Formation in ascending order: Medicine Lodge Gypsum, Nescatunga Gypsum, Shimer
Gypsum, and Haskew Gypsum Members. The Medicine Lodge Gypsum has the Cedar Springs
Dolomite bed (Fay, 1964), which is the crystalline carbonate unit identified in this study.
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Typically, the Medicine Lodge Gypsum Member is a relatively resistant cap rock for the
underlying Flowerpot Shale red siliciclastics. The members are comprised of gypsum and red
siliciclastics (Norton, 1939; Zeller, 1968; Benison et al., 2015), which is quite different from the
defined lithologies from the core. Thus, the these altered outcrop members cannot be
correlated with the subsurface units of the Blaine Formation (Zambito et al., 2012; Benison et
al., 2015).
The thickness and sedimentology of the outcrops of the Blaine Formation differ from
the rocks of the Bounds core. The outcrop thickness ranges from ~10-50 ft (Zeller, 1968;
Benison et al., 2015) which is significantly less than the 125 ft of the Bounds core. This
demonstrates that most of the lithologies have been thinned through dissolution, except the
bedded gypsum units which were likely weathered and eroded.
The outcrop study from Zambito et al. (2015) was conducted in Barber county, which is
~200 miles (250 km) from the location of the Bounds core. Halite was not identified in the
Blaine Formation outcrops, as meteoric water perhaps dissolved the soluble mineral. Instead,
there are molds, casts, and pseudomorphs of bedded and displacive halite (Benison et al.,
2015). The bedded gypsum and red siliciclastics are also much thinner than the units in the
Bounds core. The bedded gypsum of the outcrops has bottom-growth gypsum and laminated
gypsum/anhydrite textures, but no massive gypsum/anhydrite texture was recognized in
outcrop. Another difference is that an outcrop in Barber county has only 1-2 beds of bottomgrowth gypsum (Benison et al, 2015), which is much less than the amount recognized in the
Bounds core. To understand additional diagenetic differences between the subsurface and
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outcrops of the Blaine Formation, thin-section petrography could be performed on the exposed
rocks and compared to the thin-section petrography from this study.

How do the Paleoclimatic Indications of the Blaine Formation Compare to the other
Formations of the Nippewalla Group?
The Nippewalla Group is well-defined for its extreme acid indicators, moderate to high
paleotemperatures, a large diurnal range in paleotemperatures, and indicators of aridity
(Benison et al., 1999; Benison and Goldstein, 2001; Zambito and Benison, 2013) However, the
sedimentology of the Blaine Formation indicates that all of these extreme environmental
conditions may not have been consistent throughout the mid-Permian in west-central Kansas.
The average paleotemperatures from three different halite beds in the Blaine Formation
range from 21 – 33 °C, which is comparable to modern temperatures at many shallow saline
lakes, but cooler than temperatures documented from bedded halite lower in the Nippewalla
Group (Zambito and Benison, 2013). Diurnal paleotemperature ranges of ~8 – 38°C were
measured in the Blaine Formation in the Bounds core, suggesting moderate to high aridity
(Zambito and Bension, 2013).
There are other indicators of aridity in the red beds and the evaporite lithologies. Arid
indicators in red siliciclastics in the Blaine Formation include its soil features, such as low
organic content, craze plane cracks, and circumgranular cracks (Giles et al., 2013; Benison and
Goldstein, 2001; Tabor and Myers, 2015; Andeskie et al., 2018). Criteria in the evaporites for
aridity are the presence of efflorescent crusts, a wide range in diurnal paleotemperatures,
erosional surfaces of bedded gypsum/anhydrite attributed to wind erosion, and wind abrasion
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features such as pitting on detrital grains. More obvious eolian deposits, such as rounded
bimodal silt-size grains observed in the overlying Dog Creek Shale red siliciclastics, are not seen
in the Blaine Formation. However, the fine patches of gypsum/anhydrite in the laminated
bedded gypsum and the large equant gypsum/anhydrite crystals in the massive bedded gypsum
are potentially eolian deposits. Additionally, the fine-grain evaporites and quartz grains in the
mudstones may have been transported by wind. However, this is no diagnostic evidence to
support these interpretations. The lack of distinct and abundant eolian deposits may
demonstrate that, although west equatorial Pangea experienced mega-monsoonal conditions
at earlier times during the Permian, west-central Kansas during the mid-Permian appears to
have been more consistently arid (Kutzbach and Gallimore, 1989; Dubiel et al., 1991; Parrish,
1993).
The Blaine Formation marks a time and place in Pangea that was relatively arid and had
paleotemperatures similar to present-day conditions at Death Valley and Western Australia
(Roberts and Spencer, 1995; Lowenstein et al., 1999; Bowen and Benison, 2009). Widespread
stark environments existed during the deposition of the Blaine Formation.

How does the Blaine Formation Sedimentology Compare with Younger Evaporites in Kansas
and Oklahoma?
Other evaporites of interest in Kansas and Oklahoma include the Leonardian Wellington
Formation of the Sumner Group, situated stratigraphically below the Nippewalla Group. The
Hutchinson Salt Member in central Kansas and the Anhydrite Sequence in northern Oklahoma,
both members of the Wellington Formation, have been well studied and can be compared to
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the overlying Blaine Formation. The 310-foot-thick (94.7 m) Hutchinson Salt was observed from
the Hutchinson Naval Air Station core, and the upper part of the Anhydrite Sequence was
evaluated from the 299-foot-thick (91 m) KC-1 core (Giles et al., 2013; Andeskie and Benison,
2019). The Anhydrite Sequence was deposited before the Hutchinson Salt. The sedimentology
and mineralogy of these members have similarities and differences to the Blaine Formation.
The Anhydrite Sequence has dolomitic mudstone and bedded gypsum lithofacies. The
dolomite mud is a primary feature, and the bedded gypsum is clear, white, or stained red.
Unlike the Blaine Formation, the Anhydrite Sequence gypsum has no bluish grey hues. Giles et
al. (2013) recognized cumulate, bottom-growth, and displacive gypsum crystals, which have
also been identified in the Blaine Formation. The depositional environments of this member has
been interpreted to include saline and freshwater perennial lakes (Giles et al., 2013).
The Hutchinson Salt contains bedded halite, displacive halite, bedded gypsum/anhydrite
and displacive gypsum/anhydrite. The halite is generally very clean and colorless, compared to
the muddy pink and reddish hues of the Blaine Formation halite. The gypsum/anhydrite is
tannish-brown and white. Overall, this formation records evidence of ephemeral saline lakes
with associated mudflats. Additionally, Andeskie and Benison (2019) identified 0.9 – 7.8%
magnesite in mudstone units from XRD analyses. This mineral was not identified in thin-section,
so it cannot be determined if the magnesite in the Hutchinson Salt was depositional or
diagenetic. The presence of this uncommon mineral in minor amounts in both the Hutchinson
Salt and the stratigraphically higher Blaine Formation suggest that it is a diagenetic product.
The abundance of perennial saline lake deposits of the Anhydrite Sequence may indicate
that this earlier deposit had a more consistent saline water level than the mid-Permian strata.
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This may demonstrate that western equatorial Pangea during the Leonardian was a more
humid time than the Guadalupian. Conversely, the Hutchinson Salt marks a time when Kansas
and Oklahoma were becoming more arid; there is clear evidence of evapoconcentration,
desiccation, and flooding cycles, indicating ephemeral saline lake lithofacies. The clear and
colorless Hutchinson Salt could indicate that there was a lower influx of detrital material from
wind which were preserved in the halite than the muddier bedded halite of the Blaine
Formation (Andeskie, 2020). Thus, less flooding, chemical sediment precipitation, and/or eolian
reworking may have occurred during the Leonardian.
The color trends of gypsum/anhydrite also vary through time. The Anhydrite Sequence
has white, clear, and some stained red gypsum/anhydrite crystals, the Hutchinson Salt has
tannish brown and white crystals, and the Blaine Formation predominantly has pink and bluish
grey crystals. This difference in color could be caused by differing concentrations of trace
minerals. For example, rare iron-oxide grains are present in the pinkish gypsum/anhydrite of
the Blaine Formation—these grains may be rare in the gypsum/anhydrite of the lower
formations. Overall, the temporal differences in these evaporites could indicate the evolution
from a neutral perennial saline lake to acid ephemeral saline lake environment (Andeskie,
2020). Evaporites in general record a history of high salinity shallow waters and groundwaters
in Kansas and Oklahoma throughout the Permian.

Comparing the Blaine Formation to other Extreme Permian-Triassic Lacustrine Systems
This study is one of only a few which closely examine the detailed sedimentology and
petrography of a formation composed of red beds and evaporites from a well-preserved core.
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This sedimentology can be compared to other extreme ‘type’ formations from Pangea: the
Triassic Mercia Mudstone Group of Northern Ireland and the Permian Opeche Shale of North
Dakota are two well-studied red bed-hosted evaporite deposits. Both can be compared to the
Nippewalla Group because all three are known from well-preserved cores.
The Mercia Mudstone Group and the Opeche Shale both have bedded halite, displacive
halite, red mudstones, and siltstones (Benison and Goldstein, 2001). The Mercia Mudstone also
contains abundant bedded gypsum/anhydrite. These three stratigraphic groups have been
interpreted to be deposits of perennial and ephemeral acid saline lakes with surrounding saline
mudflats. Both have very similar depositional and diagenetic features.
The presence of red beds and evaporites of the Opeche Shale, Mercia Mudstone, and
Nippewalla Group demonstrate some trends throughout regions of Pangea and through time.
The Opeche Shale is Cisuran to early Guadalupian, the Blaine Formation is Guadalupian, and the
Mercia Mudstone is Triassic, which shows that these acid lake saline systems were present in
Pangea throughout the mid to late Permian and into the Triassic. These rocks also illustrate that
most of continental US, which was near the Permian equator, and Northern Ireland at 30° N
experienced similar stark environments. Additional work can be performed on other wellpreserved cores of Permian and Triassic rocks from continental Pangea in other paleolatitudes
to further investigate the temporal and spatial extent of these extreme systems.

CONCLUSIONS
The five lithologies of the Blaine Formation of the Nippewalla Group from the Bounds
core are displacive halite, bedded gypsum/anhydrite, bedded halite, siliciclastic mudstone, and
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crystalline carbonate. Petrographic and geochemical analyses yield information about the
depositional context and diagenesis of the Blaine Formation. These lithologies represent
neutral to acid saline lake-mudflat-desert soil systems. The detailed sedimentology of the
Blaine Formation is closely related to other continental deposits of Pangea and studying other
well-recovered continental Permian cores may illuminate the range of these acid and arid saline
systems.
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Appendix 1: Thin-section depths
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Appendix 2: Thin-section billet photos
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Appendix 3: Representative core slab images
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